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MRLQWV7KHPRVWFRPPRQO\XVHGDQGHFRQRPLFDO IRUPVRISLSHOLQHZHOGHG MRLQWV LV VSLUDO VXEPHUJHGDUFZHOGHG
66$:MRLQWVLQWKH:HVWWR(DVW*DV3LSHOLQH3URMHFW7KH66$:SLSHLVWKHWXEHZLWKVSLUDOZHOG7KHUHIRUHD
WRXJKQHVVFRPSDULVRQEHWZHHQGLIIHUHQWUHJLRQVRI66$:MRLQWVLVQHFHVVDU\>@
7KHIUDFWXUHWRXJKQHVVRIKLJKVWUHQJWKSLSHOLQHVWHHOKDVDWWUDFWHGDWWHQWLRQIURPDQXPEHURIUHVHDUFKHUV'XHWR
WKHJUDLQFRDUVHQLQJLQGXFHGE\ZHOGLQJWKHUPDOF\FOHWKHWRXJKQHVVRI+$=XVXDOO\KDVDZHDNWRXJKQHVV,QWKH
SDVW WKH SUHIHUHQWLDO DSSURDFK VKRZLQJ UHVLVWDQFH DJDLQVW XQVWDEOH GXFWLOH IUDFWXUH ZDV &KDUS\ 9QRWFK &91
LPSDFW WHVW RU WKH GURSZHLJKW WHDU WHVW ':77 > @ 5HFHQWO\ EHFDXVH RI WKH FOHDU SK\VLFDOPHDQLQJ RI WKH
IUDFWXUH PHFKDQLFV PHWKRG LW KDV EHHQ DGRSWHG DV WKH PDLQ DSSURDFK WR FKDUDFWHUL]H WKH IUDFWXUH WRXJKQHVV RI
SLSHOLQHVWHHOV>@
)UDFWXUHPHFKDQLFSDUDPHWHUVVXFKDVWKHVWUHVVLQWHQVLW\IDFWRU.FUDFNWLSRSHQLQJGLVSODFHPHQW&72'DQG
-LQWHJUDOKDYHEHHQZLGHO\XVHGDVIUDFWXUHFULWHULDWRFKDUDFWHUL]HWKHRQVHWDQGFRQWLQXDWLRQRIFUDFNJURZWK>@
'XHWRWKHSRRUWKLFNQHVVRIKLJKJUDGHSLSHOLQHLWLVGLIILFXOWWRVDWLVI\WKHVL]HFRQGLWLRQVIRU.FULWHULRQ%XWWR-
LQWHJUDO IUDFWXUHFULWHULRQ WKH UHTXLUHPHQWVRQVL]HDUHQRW WKDW VWULFW7KH - LQWHJUDO DV DSDUDPHWHU UHSUHVHQW WKH
VWUHVVDQGVWUDLQILHOGLQWKHFUDFNWLS
,QWKLVVWXG\PDFURVFRSLFPRUSKRORJ\DQGPHWDOORJUDSK\RIGLIIHUHQWUHJLRQVRIZHOGHGMRLQWVLQ;SLSHOLQHV
ZHUHREVHUYHG7KHEDVLFPHFKDQLFDOSURSHUWLHVZHUHREWDLQHGWKURXJKWHQVLOHWHVW$SURFHGXUHDQGHTXDWLRQVIRU
PHDVXUHPHQWRI -LQWHJUDO UHVLVWDQFHFXUYHVXVLQJD VLQJOHVSHFLPHQ WHFKQLTXH IRU WKUHHSRLQWEHQGLQJ VSHFLPHQV
UHFRPPHQGHGLQ*%7>@ZHUHDGRSWHGIRUWRXJKQHVVWHVWLQJ7KH-5FXUYHWHVWVRI%0:0DQG+$=
ZHUHFDUULHGRXWLQ66$:MRLQWVUHVSHFWLYHO\7KHFULWLFDOIUDFWXUHWRXJKQHVVRIGLIIHUHQWUHJLRQVZDVFRPSDUHGLQ
66$:SLSHOLQHVWHHOV
([SHULPHQWDO3URFHGXUH
2.1. Material 
6SLUDOVXEPHUJHGDUFZHOGHGMRLQWVRI$3,;SLSHOLQHVWHHOVSURYLGHGE\%DRVKDQ,URQDQG6WHHO&R/WGZHUH
XVHGLQWKLVVWXG\7KH\ZHUHFXWIURP$3,;SLSHOLQHVWHHOZLWKWKHGLDPHWHURIPPDQGWKLFNQHVVRI
PP


)LJ0DFURJUDSKRI;66$:MRLQWV
,QRUGHU WR LQYHVWLJDWHSURSHUWLHVGLIIHUHQFH WKURXJKZHOGHG MRLQWV D VSHFLPHQ WKDWZDV V\PPHWULFDO EDVHGRQ
ZHOGFHQWHUOLQHZDVFXWIURPWKHSLSHV7KHQWKHVSHFLPHQZHUHSROLVKHGDQGHWFKHGIRUDERXWVXVLQJQLWDO
VROXWLRQ$VVKRZQ LQ)LJ WKHGLIIHUHQWUHJLRQVRIZHOGHG MRLQWVFDQEHGLVWLQJXLVKHGHDVLO\ LGHQWLILHGDVEDVH
PHWDO%0ZHOGPHWDO:0IXVLRQ]RQH)=DQGWKUHHKHDWDIIHFWHG]RQHVLHFRDUVHJUDLQ&*ILQHJUDLQ
)*DQGLQWHUFULWLFDOO\UHKHDWHG,&UHVSHFWLYHO\7KHQWKHPHWDOOXUJLFDORIGLIIHUHQWUHJLRQVZHUHREVHUYHGLQWKH
RSWLFDOPLFURVFRSH2/<0386*;)LJVKRZVWKHRSWLFDOPLFURJUDSKVLQWKHORFDWLRQRID%0E:0F
)=G&*+$=H)*+$=DQGI,&+$=RIWKH66$:MRLQWV7KH%0DUHPDLQO\FRPSRVHGRIDFLFXODUIHUULWH
$)WRJHWKHUZLWKVPDOODPRXQWRIJUDQXODUEDLQLWH*%DQGPDUWHQVLWHDXVWHQLWH0$FRQVWLWXHQW7KH:0ZDV
FRPSRVHGRIDFLFXODUIHUULWH$)DQGJUDQXODUEDLQLWH*%WRJHWKHUZLWKVRPHPLFURSKDVHV7KHSKDVHRI+$=
ZDVJHQHUDOO\WKHJURZLQJXS*%DQG0$FRQVWLWXHQWZKLOHWKHGHQVLW\RI0$LQ+$=LVPXFKKLJKHUWKDQWKDW
830   H.S. Lu et al. /  Procedia Engineering  130 ( 2015 )  828 – 834 
RI%07KH)=ZDVDPL[WXUHRI:0DQG+$=7KH0$FRQVWLWXHQWDUHILQHO\GLVWULEXWHGDORQJODWKERXQGDULHV
WKHUHE\VKRZLQJKLJKVWUHQJWKEXWORZWRXJKQHVV$)LVJHQHUDOO\FKDUDFWHUL]HGE\ILQHJUDLQVL]HLUUHJXODUVKDSH
DQGDUELWUDU\GLUHFWLRQ>@*%KDVDODUJHUJUDLQVL]HWKDQ$)DQGLWVJUDLQERXQGDULHVDUHQRWFOHDUO\LGHQWLILHG
'XHWRWKHVL]HGLIIHUHQFHRIJUDLQVLWLVH[SHFWHGWKDWWKLVZRXOGOHDGWRGLIIHUHQFHVLQVWUHQJWKDQGWRXJKQHVV7KLV
ZLOODOVREHGHPRQVWUDWHGLQODWHUH[SHULPHQWV



)LJ2SWLFDOPLFURJUDSKVLQWKHORFDWLRQRID%0E:0F)=G&*+$=H)*+$=DQGI,&+$=RI66$:
2.2. Fracture Toughness Test 
7KH6(1%VSHFLPHQZLWKWKHOHQJWKRIPPZLGWKRIPPDQGWKLFNQHVVRIPPHDFKZLWKDPP
GHHS9QRWFKHGPDFKLQHGZLWKPPPRO\EGHQXPZLUHZDVDGRSWHGLQP\WHVW7KHVSHFLPHQVL]HDQGGUDZQ
ZD\ZHUHVKRZQLQ)LJ7KHUHVLVWDQFHFXUYHZDVFRPSDUHGDWVL[GLIIHUHQWUHJLRQVZKLFKZDV%0:0)=
&*+$=)*+$=DQG,&+$=UHVSHFWLYHO\7KHGUDZQGLUHFWLRQLVSHUSHQGLFXODUWRWKHZHOGLQJGLUHFWLRQDQGWKH
FUDFNLVWKURXJKWKLFNQHVVFUDFNLQZKLFKZD\ZHFDQPDNHVXUHWKDWWKHFUDFNSURSDJDWLRQPRVWO\LQWKHUDQJHWR
EH WHVWHG VR WKH UHVXOWVZHUH UHOLDEOH 7KH UHVLVWDQFH FXUYH WHVWZDV FRQGXFWHG DFFRUGLQJ WR WKH QHZHVW&KLQHVH
IUDFWXUHWRXJKQHVVWHVWVWDQGDUG*%7>@ZKLFKLVWKHFRXQWHUSDUWRI$670(>@$WILUVWDPP
IDWLJXHSUHFUDFNRQHDFKVSHFLPHQZDVSURGXFHGXVLQJDVHUYRK\GUDXOLFIDWLJXHWHVWPDFKLQH7KHPHDQORDGRI
WKHORDGFRQWUROOHGIDWLJXHWHVWZDV.1DQGWKHORDGDPSOLWXGHZDV.1ZLWKDORDGLQJIUHTXHQF\RI+]
7KHUHVLVWDQFHFXUYHWHVWZDVWKHQSHUIRUPHGRQD.1ORDGFDSDFLW\VHUYRK\GUDXOLFWHVWPDFKLQHZKHQILQLVK
WKHSUHFUDFNWHVW'XULQJHDFKWHVWDORDG&02'FXUYHZLWKDERXWXQORDGUHORDGVHTXHQFHVZDVPHDVXUHG7KH
ORDGLQJSURFHGXUHZDVGLVSODFHPHQWFRQWUROZLWKWKHORDGLQJUDWHRIPPVZKLOHWKHXQORDGLQJSURFHGXUHZDV
ORDGFRQWUROZLWKWKHORDGUDWHRI.1V7KLVLVWRSUHYHQWXQORDGLQJWRRPXFKWRH[FHHGWKHSURYLVLRQVRIWKH
VWDQGDUG7KH&02'ZDVPHDVXUHGZLWKD&2*1(;,QVLJKW0LFURLQVWHDGRIFOLSJDXJH
$IWHUHDFK WHVW WKHVSHFLPHQZDVIDWLJXHDJDLQ WRGLVWLQJXLVKWKH OHDGLQJHGJHRIXQORDGUHORDG WHVW LQVWHDGRI
KHDW WLQWHG WRSURWHFW WKH IUDFWXUH VXUIDFH$IWHU WKDW WKH VSHFLPHQVZHUH FRROHGZLWK OLTXLGQLWURJHQ DQGEURNHQ
RSHQ WR H[SRVH WKH FUDFN 7KH QLQHSRLQW RSWLFDO WHFKQLTXH GHVFULEHG LQ$670(ZDV XVHG WRPHDVXUH WKH
FUDFN7KHSRVWWHVWPHWDOORJUDSK\ZDVFRQGXFWHGWRWHVWLI\WKHFUDFNSURSDJDWLRQPRVWO\LQWKHUHJLRQZKLFKSODQWR
EHWHVWHG7KH+LWDFKL6ILHOGHPLVVLRQVFDQQLQJHOHFWURQPLFURVFRSH6(0ZDVXVHGWRLGHQWLI\WKHGLVWLQFW
IUDFWRJUDSKLFDQGPLFURVWUXFWXUDOIHDWXUHVRIGLIIHUHQWVSHFLPHQV
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
)LJ6FKHPDWLFLOOXVWUDWLRQVRIDWKUHHSRLQWEHQGLQJVSHFLPHQDQGWKHORFDWLRQVZKHUHWKHVSHFLPHQVZHUHSUHSDUHG
2.3. Equations Used In The Test 
:KHQDVLQJOHVSHFLPHQPHWKRGZDVXVHGWRUHVLVWDQFHFXUYHWHVWWKHLQVWDQWDQHRXVFUDFNVL]HZDVFRQYHQLHQWO\
PHDVXUHG XVLQJ WKH FUDFNPRXWKRSHQLQJGLVSODFHPHQW FRPSOLDQFH DV UHFRPPHQGHG LQ$670( >@7KH
FUDFNOHQJWKZDVJLYHQDVIROORZV
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 Z 7KHGLVWDQFHEHWZHHQWKH&2'PHDVXUHPHQWSRVLWLRQDQGWKHVSHFLPHQVXUIDFH,QWHVWWKHYDOXHRI=DUH
DQGUHVSHFWLYHO\7KHQHJDWLYHVLJQVWDQGVIRUWKHLQQHUSDUWRIVSHFLPHQ
7KHIRUPDWRIWKHHTXDWLRQVXVHGLQ*%7>@IRU6(%VSHFLPHQZDVDGRSWHGIRU-LQWHJUDOHYDOXDWLRQ
LQ WKH UHVLVWDQFHFXUYH WHVW - LQWHJUDO LVFDOFXODWHGE\FXUUHQWYDOXHVRIFUDFNVL]HDLSODVWLFDUHDRI ORDG&02'
FXUYH$SLDQGORDG3LDVIROORZV
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ZKHUHWKHHTXDWLRQVIRUHYDOXDWLQJ PK ZHUHGHVFULEHGE\WKHIROORZLQJH[SUHVVLRQ
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   P a W a WK    
7KHYDOXHRI  J ia W DUHOLVWHGLQ$QQH[%RI*%7>@
:KHQ WKH -ǻD UHVLVWDQFH FXUYHZDVGHWHUPLQHGZHQHHG WRGHWHUPLQH DEOXQWLQJ OLQH LQ DFFRUGDQFHZLWK WKH
IROORZLQJHTXDWLRQ
P J R a'   
$IWHUWKDWWKHHTXDWLRQVRIOHIWOLPLWOLQHDQGPPRIIVHWOLQHZHUHGHWHUPLQHG
5HVXOWVDQG'LVFXVVLRQ
3.1. Resistance Curve Test 
'XULQJHDFKUHVLVWDQFHFXUYHWHVWDORDG&02'FXUYHZDVPHDVXUHG)LJVKRZHG3&02'FXUYHIRUWKHEDVH
PHWDO 7KH VSHFLPHQ VXUIDFH &02' FDQ EH REWDLQHG IURP )LJ  WKURXJK (T  )URP WKHVH FXUYHV ZH FDQ
REWDLQHGWKHXQORDGLQJFRPSOLDQFHZKLFKXVHGWRHYDOXDWHWKHFUDFNVL]HIURP(T7KHFUDFNVL]HDQGWKHORDG
SODVWLF&02'FXUYHVZHUHWKHQXVHGWRHYDOXDWHWKH-LQWHJUDOYDOXHIURP(T7KH-LQWHJUDOUHVLVWDQFHFXUYHV
RI%0+$=DQG:0ZHUHVKRZQLQ)LJ)RUFRPSDULVRQIRXUUHVLVWDQFHFXUYHVRQHRI)=DQGWKUHH)*&*
DQG,&IRU+$=ZHUHLQFOXGHGLQ)LJEIURPZKLFKZHIRXQGWKDWWKHUHVLVWDQFHFXUYHRI)*+$=VSHFLPHQZDV
VOLJKWO\ DERYH WKRVH RWKHU WKUHH DOWKRXJK WKH GLIIHUHQFH LV QRW YHU\PXFK 7KH UHDVRQ ZK\ )*+$= KDG EHWWHU
WRXJKQHVVZDVWKHVPDOOHUDQGPRUHXQLIRUPJUDLQVL]HWKDQWKHRWKHUWKUHHEHFDXVHRIWKHZHOGLQJKHDWLQSXWZKLFK
FDQEHIRXQG LQIRUPHUPHWDOOXUJLFDOREVHUYDWLRQ >@7KH WRXJKQHVVRI)=ZDV ORZHVW LQDOO VHFWLRQVRIZHOGHG
MRLQWV7KHUHDVRQRIWKLVSKHQRPHQRQZDVWKHXQHYHQFKDUDFWHULVWLFVRI)=LQZKLFKRQHSDUWZDVWKH:0ZKLOH
WKHRWKHUSDUWZDV+$=


)LJ/RDG&2'FXUYHVIRU%0

)LJ-5FXUYHVLQWKHSRVLWLRQRID%0E+$=DQGF:0
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7KHFULWLFDOIUDFWXUHWRXJKQHVV-%/ZDVDFTXLUHGIURPWKHLQWHUVHFWLRQRIPPRIIVHWOLQHDQGUHVLVWDQFHFXUYH
ZKLFKZDVLOOXVWUDWHGLQ)LJ$VWKH%0KDVDEHWWHUPLFURVFRSLFIHDWXUHWKHWRXJKQHVVRILWZDVKLJKHUWKDQWKDW
RI WKH+$= DQG:07KH ODWHU IUDFWXUH VXUIDFH REVHUYDWLRQV FDQ DOVR H[SODLQ WKH WRXJKQHVV GLIIHUHQFH EHWZHHQ
GLIIHUHQWUHJLRQV
,Q )LJ  WKH LQLWLDO DQG ILQDO FUDFN VL]HV VROLG DQG RSHQ SRLQWV UHVSHFWLYHO\ HVWLPDWHG XVLQJ WKH XQORDGLQJ
FRPSOLDQFHWHFKQLFDOZHUHFRPSDUHGZLWKWKRVHPHDVXUHGYLDUHDGLQJPLFURVFRSH,WZDVIRXQGWKDWWKHH[FHOOHQW
DJUHHPHQWZDVDFKLHYHGEHWZHHQWKHVHWZRWHFKQLTXHV+HQFHWKHXQORDGLQJFRPSOLDQFHWHFKQLTXHZDVUHOLDEOHLQ
WKHWHVW

 
 )LJ&ULWLFDO-LQWHJUDOYDOXHVWKURXJKZHOGHGMRLQWV )LJ&UDFNVL]HRIVSHFLPHQVDDILQLWLDODQGILQDOFUDFNVL]H
3.2. Fractographic Observation 
7KH IUDFWXUH PRUSKRORJ\ RI ZHOGHG MRLQWV XQGHUZHQW IUDFWXUH WRXJKQHVV WHVW ZDV VKRZQ LQ )LJ  DF 7KH
GLPSOHVLQIUDFWXUHVXUIDFHGHPRQVWUDWHGWKDWWKHIDLOXUHPRGHRI;VWHHOLVGXFWLOHIUDFWXUH2EYLRXVO\WKHHOOLSVH
WHDULQJGLPSOHVFDQEHREVHUYHGLQ)LJEHFDXVHRIWKHQRQXQLIRUPVWUHVVGLVWULEXWHGLQWKHYLFLQLW\RIFUDFNWLS
$VSRLQWHGRXWE\UHGDUURZVLQ)LJDQXPEHURIDEQRUPDOVSKHULFDOERGLHVVFDWWHUHGLQWKHGLPSOHVRI:0DQG
+$= ZKLOH WKRVH ZHUH VFDUFHO\ REVHUYHG LQ WKH %0 7KH VSKHULFDO ERGLHV JHQHUDWHG LQ :0 DQG +$= ZHUH
SUHFLSLWDWHVFDXVHGE\ZHOGLQJKHDW LQSXWZKLFKZLOOGHFUHDVH WRXJKQHVV$FFRUGLQJO\ WKH WRXJKQHVVRI%0ZDV
KLJKHUWKDQWKDWRI:0DQG+$=ZKLFKLQZHOODFFRUGDQFHZLWKUHVXOWVVKRZQLQ)LJ


)LJ6(0IUDFWRJUDSKVRIIUDFWXUHWRXJKQHVVWHVWHGLQD%0E+$=DQGF:0
&RQFOXVLRQV
,Q WKH SUHVHQW VWXG\ WKH -5 FXUYHV RI GLIIHUHQW ORFDWLRQV RI 66$: MRLQWV LQ $3, ; SLSHOLQH VWHHOV ZHUH
REWDLQHGWKURXJKWKUHHSRLQWEHQGLQJWHVWVZLWKVLQJOHVSHFLPHQWHFKQLTXH7KHFULWLFDOIUDFWXUHWRXJKQHVV-%/ZDV
FRPSDUHGEHWZHHQGLIIHUHQWUHJLRQVRIZHOGHGMRLQWV7KHPDLQFRQFOXVLRQVFDQEHVXPPDUL]HGDVIROORZV
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 7KHIUDFWXUHWRXJKQHVVRIILQHJUDLQ+$=)*+$=ZDVKLJKHUWKURXJKRXW+$=ZKLFKZDVGXHWREHWWHUDQG
PRUHXQLIRUPJUDLQVL]HLQGXFHGE\ZHOGLQJKHDWLQSXW
 7KH IUDFWXUH WRXJKQHVV RI IXVLRQ ]RQH )= ZDV ORZHVW WKURXJK ZHOGHG MRLQWV EHFDXVH RI WKH XQHYHQ
PLFURVWUXFWXUDOFKDUDFWHULVWLFV
 7KH IUDFWXUH WRXJKQHVVRI WKH EDVHPHWDO %0ZDV WKHKLJKHVW WKURXJKRXWZHOGHG MRLQWV7KH UHDVRQRI WKH
UHVXOWLVWKHJUDLQFRDUVHQLQJDQGVSKHULFDOSUHFLSLWDWHVLQGXFHGE\ZHOGLQJKHDWLQSXWLQ:0DQG+$=ZKLFK
ZLOOFDXVHDGHFUHDVHLQIUDFWXUHWRXJKQHVV
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